Molecular oxygen is a main regulator of various cell functions. Imaging methods designed as screening tools for fast, in situ, 3D and non-interfering measurement of oxygen tension in the cellular microenvironment would serve great purpose in identifying and monitoring this vital and pivotal signalling molecule. We describe the use of dual luminophore oxygen sensitive microbeads to measure absolute oxygen concentrations in cellular aggregates. Stable microbead integration, a prerequisite for their practical application, was ensured by a site-specific delivery method that is based on the interactions between streptavidin and biotin. The spatial stability introduced by this method allowed for long term measurements of oxygen tension without interfering with the cell aggregation process. By making multiple calibration experiments we further demonstrated the potential of these sensors to measure local oxygen tension in optically dense cellular environments.
Introduction
Oxygen is an important regulator of cell behaviour, both at a cell/tissue level and a molecular level. Based on its relatively low solubility in culture medium, oxygen gets easily depleted in static 3D culture systems [1] . This becomes most apparent in culture systems which have tight cell packing, such as cellular aggregates [2] , or within a dense biomaterial carrier (for example, fibrin) [3] .
Critical gradients will arise in these systems resulting from the interplay between diffusion (driven by differences in local oxygen concentration) and cellular consumption [4] .
As a key component for cellular energy generation through oxidative phosphorylation, local oxygen depletion impairs cell survival when sustained over critical periods of time [5] , even independent of local nutrient concentrations [6] .
Most cells however are able to survive and recover from hypoxic conditions. This is accomplished by transcription factor-regulated (such as Hypoxia Inducible Factor (HIF) [7, 8] ) mechanisms, that among others control energy metabolism and the cell cycle and that result in the ability to decrease oxygen utilization rate under low oxygen tension (i.e. oxygen conformity) [9, 10] .
Oxygen levels also serve as a developmentally important stimulus. These oxygen regulation processes have been studied in skeletal development [11] .
Endochondral ossification starts with the formation of precartilaginous condensations which originate from small cellular aggregates that expand through concerted cell activities including cell proliferation, migration, adhesion and differentiation [12] . In vitro studies have indicated that high cellularity and the avascular nature are important prerequisites for cartilage cell differentiation [13, 14] , creating locally low oxygen tension and nutrient concentration, which is favourable for subsequent cartilage differentiation [15] .
Investigating and understanding the mechanisms which underlie the process of chondrogenesis can be achieved in vitro using appropriately designed setups.
Proper in vitro recapitulation of micro-environmental biophysical signals such as oxygen tension and cell-cell interactions is thereby mandatory [16] . An excellent model that is able to mimic condensation and chondrogenic differentiation in vitro is represented by cell aggregate cultures [17] . This culture system provides an appropriate 3D environment for synthesis, and deposition of cartilage matrix proteins, and is amenable to morphological, proteomic or transcriptional analysis [17] . Cell aggregates have been proposed as elementary building blocks for creating cell-based products using a modular design approach [18] [19] [20] .
Though the influence of oxygen on cell fate is widely acknowledged, tools for non-invasively monitoring local oxygen concentrations in such dense cell environments are still limited or have major shortcomings. Measurement of oxygen tension by the use of oxygen sensitive microfibers or micro-electrodes is complicated by the very small dimensions of cell aggregates.
Furthermore such devices would strongly interfere with internal aggregate mass transport by inducing cell damage or creating 'leaky paths' at the probed positions. This issue is circumvented by the use of non-invasive probes [21, 22] .
An example of this are perfluorocarbon (PFC) microdroplets, such as hexafluorobenzene, which rely on the paramagnetic properties of molecular 5 oxygen to alter 19 F nuclear magnetic resonance (NMR) relaxation times of the PFCs in direct proportion to the dissolved oxygen concentration [23] . These microdroplets diffuse and accumulate into interstitial spaces where they report on local oxygen tensions [24] . NMR measurements have however a rather low spatial resolution which limits their use for the small aggregate dimensions. The application of paramagnetic probes, such as trityl radicals, combined with electron paramagnetic resonance (EPR) is a very promising approach that provides reasonable resolution images (~10-30 µm) within acceptable acquisition times (minutes) [25] . Dual luminophore oxygen-sensing beads (OSBs) also offer great possibilities for measuring oxygen tension in a fast and non-interfering manner and have been developed for measuring local oxygen tension in (poly(ethylene glycol)dimethylacrylate) hydrogel carriers [26, 27] . As the absence of controlled, site-specific delivery methods for these probes have prevented so far their practical application to cellular systems, we developed a non-invasive method for spatially controlled microbead incorporation into dense cell aggregate environments and assessed its feasibility to measure local oxygen tension.
Materials and Methods

Cell culture
ATDC5 cells (Riken Cell Bank, Tsukuba, Japan), a murine chondrogenic cell line, [28] were grown in maintenance medium consisting of a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F-12 medium (Invitrogen) supplemented with 5% foetal bovine serum (Gibco), antibiotic-6 antimycotic (A/A) solution (100 units/ml penicillin, 100 µg/ml streptomycin, and 0.25 µg/ml amphoterecin B; Invitrogen), 10 µg/ml human transferrin (Roche Molecular Biochemicals), and 3x10 M sodium selenite (Sigma). Medium was refreshed every 2 to 3 days and cells passaged when sub-confluent.
Production of fluorescent microbeads
OSBs were synthesized according to a protocol, adapted from Acosta et al. [26] and is composed of three steps (first two steps identical to Acosta et al.) . 
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Oxygen sensitive microbeads were exposed to different oxygen tensions by perfusing Argon gas in an air-tight workhead (Solent Scientific). ] is the reference oxygen tension at which an intensity value of I R was measured.
Biotinylation of cell surfaces
To functionalize ATDC5 cell surfaces for OSB binding, we followed a protocol previously described by De Bank et al. [29] Cells were grown to ~60 to 80% confluency, trypsinized and counted with a haemocytometer. Expression of aldehyde groups on the cell surfaces resulted from subsequent incubation with 5 ml cold (4°C) sodium periodate (NaIO 4 ) solution in a dark environment for ~5-10 min. This solution was diluted with PBS afterwards and washed in 5 ml biotinylation buffer (PBS, 0.1% FBS, pH 6.5, RT). Biotin adhesion was allowed by incubation of the cells with 5 ml biotin hydrazide solution (5 mM in biotinylation buffer) for ~30 min at RT. The cell suspension was finally washed in 5 ml cold streptavidin buffer (PBS, 0.1% FBS, pH7.0). This procedure is illustrated in Figure S1 .
Production and cultivation of cell aggregates
Following biotinylation of the cell surfaces, ATDC5 cells were resuspended in maintenance medium (37. analysis, wells were rinsed once again to discard the non-conjugated beads.
DNA quantification
DNA content was evaluated according to a protocol described by Grayson et al. [30] Briefly, cell aggregates were washed in PBS, transferred to 1 ml of digestion buffer (10 mM Tris, 1mM EDTA, and 0.1% Triton X-100) with 0.1 mg/ml proteinase K in centrifugation tubes, and incubated overnight at 56°C.
Supernatant was collected after removal of debris by centrifugation (13,000 rpm, 1 min) and measured with a Qubit system (Invitrogen).
Cell metabolic activity
Metabolic activity of the cell aggregates was measured using the alamarBlue® reagent (Invitrogen), according to the manufacturer's instructions. The reagent was added as 10% of the medium volume, followed by a 3 hour incubation period at 37°C. Resulting fluorescence of 100 µl medium samples were measured in duplicate on a plate reader (Perkin Elmer) and corrected for background fluorescence.
Cell viability assay
We analysed cell viability using the LIVE/DEAD viability/cytotoxicity kit 
Histological analysis
At defined time points during culture, cell aggregates were analysed by histology.
Aggregates were washed with PBS, fixed overnight in 4% formaldehyde, and suspended in 2% agarose gels. Suspensions were subsequently embedded in paraffin and cut at 5 µm thick cross-sections which were then processed according to the specific histological staining.
Apoptosis assay
Apoptosis inside cell aggregates was assayed by TUNEL staining. This staining was performed according to the manufacturer's instructions (In situ cell death detection kit, Roche).
Pimonidazole staining
Hypoxic regions were identified after 3 hours incubation of the ATDC5 cell •L.
To test the OSBs in combination with a cell system, three-dimensional (3D) cell aggregate cultures were made of ATDC5 cells, a murine chondrogenic cell line [28] . Because of the disparity in density between OSBs and cells, forced conjugation was anticipated to assure robust integration and uniform distribution of the fluorescent beads into the dense cell aggregate environment. A method based on the interaction between streptavidin and biotin (SB) was chosen [29, 32] . Taking advantage of the strong adsorption properties of streptavidin to a poly(dimethylsiloxane) (PDMS) layer [33] , bead surfaces were coated uniformly with streptavidin molecules (Figure 2) . Cell surfaces were prepared for interaction with the coated microbeads by periodate treatment followed by biotin conjugation [29] . This approach resulted in a complete inclusion of the fluorescent beads by conjugated cells during the initial phase of aggregation ( Figure S1 ) and homogeneous distribution of OSBs in the aggregate ( Figure 1D) . As a reduction in conjugated amount of biotin molecules to ~25% after a 24 hour period has been reported previously in literature, [29] we addressed the temporal change in interaction ability of biotin-coated cells with the streptavidin-coated OSBs. In a 2-dimensional (2D) conjugation stability assay it was shown that cells maintain their ability to interact with the OSBs, even after a 24 hour incubation period ( Figure   3 ).
Next, the non-interfering nature of bead integration into the cell aggregate was investigated. Aggregates from control groups (no OSBs and no SB treatment, group I) were compared with aggregates resulting from SB treated cells (group II) and from SB treated cells with OSB addition (group III). Functional behaviour of these three groups was quantified in terms of DNA content, metabolic activity, cell viability, aggregate morphology, and oxygen mass transport at discrete time points during a one week in vitro cultivation process. •L was obtained.
Discussion
Many aspects of normal cell function, ranging from basic cell respiration to integrin-mediated adhesion behaviour [1] , depend on the availability of molecular oxygen. Given the important biophysical functionality, in vitro model systems would greatly benefit from in situ read-outs on local oxygen tension. These systems could for example reveal nutrient delivery problems during aggregate production in the context of tissue-engineering approaches [36, 37] or help identifying interesting biological activity of drugs investigated in cell array cultures. [38] Fluorescent microbeads stably incorporated into a cell aggregate have great potential to provide these crucial data by making ratiometric measurements of an oxygen-sensitive luminophore with an oxygen-insensitive reference fluorophore. The major advantage of such dual luminophore oxygen sensitive microbeads as a screening tool mainly comes from the potential to make fast measurements of oxygen tension in the same microenvironment over long periods of time. As a first step, we have described the production of such beads, their calibration and a method for non-interfering, spatially controlled incorporation and uniform distribution into cell aggregates.
As a carrier material for the fluorescent probes, silica beads were used. This silica material possesses a pH-adjustable cation exchange capacity, which allowed for ionic binding with the Ru(Ph 2 phen 3 )Cl 2 luminophore [39] , and high polarity, which gave rise to an increased quenching rate [40] . OSBs calibrated at different oxygen tensions showed linearity in the Stern-Volmer relationship for beads suspended in a liquid monolayer or in the presence of a turbid agarose spacer. Embedding microbeads in the cell aggregate resulted in loss of the Nile Blue signal due to high autofluorescence of the ATDC5 cells when excited at 635 nm which strongly overlaps with the Nile Blue signal. The presence of a second reference fluorophore that we introduced in this study however resolved this problem, giving rise to the linear calibration curve ( Figure 1F) .
Application of the streptavidin-biotin interaction has been previously described for the assembly of multicellular aggregates [29, 41, 42] . Here, we further broaden the application range and report the efficacy of this conjugation method for integrating fluorescent probes into cartilaginous cell aggregates. The integration stability and non-interfering behaviour of OSB-containing aggregates was shown through various assays at discrete time points during cultivation.
Viability of the aggregated cells was comparable between the groups. at very low concentrations [43, 44] , and hence have a low possibility for microbead interaction, we needed to increase the total amount of biotin molecules presented on the cell surfaces. The strategy applied here was to 19 precede cell surface biotinylation with a periodate treatment. This procedure has been shown to yield a 1,000-fold increase in total biotin expression [45] .
The need for a high initial amount of biotin molecules stems from observations in literature reporting a strong reduction in biotin presence on the cell surfaces already after 24 hours [29] . This reduction would impair good incorporation of the microbeads in the cell aggregate, as cell condensation and associated bead intercalation occurs within this period. Conjugation stability assays confirmed microbead interaction abilities with the biotinylated cells remained even after an incubation period of 24 hours (Figure 3) .
The presented method is not limited to controlled delivery and encapsulation of microbeads in dense cell environments. With recent reports on more stable streptavidin variants, such as traptavidin [46] , this method could also be explored for long term monitoring of oxygen tension in macro-or microporous scaffolds or the small medium volumes applied in lab-on-a-chip systems.
Conclusions
In this study we described the application of fluorescent oxygen sensitive 
